A large-scale analysis of proteins involved in host-cell signalling pathways was performed using chlamydia-infected murine cells in order to identify host proteins that are differentially activated or localized following infection. Two proteins whose distribution was altered in Chlamydia trachomatis-infected cells relative to mock-infected cells were the actin-binding protein adducin and the regulatory kinase Raf-1. Immunoblot analysis with antibodies to both phosphorylated and non-phosphorylated forms of these proteins demonstrated that the abundance of each protein was markedly reduced in the cytosolic fraction of C. trachomatis-and Chlamydophila caviaeinfected cells, but the total cellular protein abundance remained unaffected by infection. Fluorescence microscopy of chlamydia-infected cells using anti-a-adducin antibodies demonstrated labelling at or near the chlamydial inclusion membrane. Treatment of infected cells with nocodazole or cytochalasin D did not affect a-adducin that was localized to the margins of the inclusion. The demonstration of a-adducin and Raf-1 redistribution within cells infected by different chlamydiae provides novel opportunities for analysis of host-pathogen interactions in this system.
INTRODUCTION
The obligately intracellular chlamydiae grow and develop within a unique and dynamic intravacuolar environment (the inclusion; Valdivia, 2008) , and chlamydial development requires modulation of different aspects of hostcell biology to the benefit of the pathogen. While the chlamydiae are known to affect many host cellular processes, including apoptosis (Miyairi & Byrne, 2006) , vesicular morphogenesis (Beatty, 2006; Carabeo et al., 2003; Grieshaber et al., 2003; Rzomp et al., 2003; Scidmore & Hackstadt, 2001; Scidmore et al., 1996a Scidmore et al., , b, 2003 , cytokinesis (Greene & Zhong, 2003) , lipid metabolism (Hackstadt et al., 1995) , and host-cell immune responses (Lad et al., 2005) , many aspects of intracellular hostpathogen interactions remain unclear. Chlamydial proteins that are involved in such alterations include proteins secreted into the host cytosol and those localized to the inclusion membrane (Rockey & Rosquist, 1994; Zhong et al., 2001 ).
In order to explore possible unique host-cell responses that are altered during infection, we screened chlamydiainfected and mock-infected cells with an array of antibodies specific to phosphorylated forms of host-cell proteins involved in major eukaryotic signalling pathways. These experiments demonstrated that the host proteins aadducin and Raf-1 are redistributed during chlamydial growth within infected cells. Immunofluorescence microscopy demonstrated that a-adducin is localized to the margins of chlamydial inclusions, in a microtubule-and microfilament-independent process.
METHODS
Cell culture and antibodies. McCoy and HeLa cells were grown in Minimum Essential Medium (Gibco) supplemented with 10 % fetal bovine serum and 0.5 mg gentamicin ml 21 (MEM-10). Protease and phosphatase inhibitors were purchased from Roche. Anti-phospho-aadducin Ser726 , phospho-Raf-1
Ser259
, c-Raf1 and phospho-PKB
Ser473
Abbreviations: DAPI, 49,6-diamidino-2-phenylindole dihydrochloride; p.i., post-infection; TS, Triton-soluble.
(protein kinase B) were obtained from Upstate Biotechnology. Antisera to recombinant human erythrocyte a-adducin were used to examine the abundance of total a-adducin (Gilligan et al., 2002; Joshi et al., 1991) . Monoclonal antibody directed at chlamydial Hsp60 was used to label and visualize chlamydial developmental forms (Yuan et al., 1992) . Antibodies directed at host 14-3-3b were obtained from Dr Marci Scidmore (Scidmore & Hackstadt, 2001) . Secondary antibodies conjugated to fluorescein isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) were purchased from Southern Biotechnologies. Secondary antibodies conjugated to IRdye 800 or IRdye 700 were purchased from Rockland Immunochemicals. The DNA-specific fluorescent label 49,6-diamidino-2-phenylindole dihydrochloride (DAPI, Vector Laboratories) was used at 2 mg ml 21 in mounting medium to label host and chlamydial DNA in immunofluorescence experiments. Actin filaments were labelled by FITC-conjugated phalloidin (100 ng ml 21 ; Sigma) and microtubules were labelled by monoclonal antibodies to a-tubulin (Sigma).
Chlamydia strains and cell culture. Chlamydia trachomatis strains J/UW-36, J(s)/893, D/UW-3, LGV 434, Chlamydophila caviae GPIC and Chlamydophila pneumoniae TWAR were used to separately infect host cells at a m.o.i. of 3 (for the phosphoprotein assays) or 0.5 (for fluorescence microscopy). Chlamydiae were diluted in SPG (0.25 M sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid) prior to inoculation onto cells. Mock-infected cells were incubated with SPG only. Infected and mock-infected cells were centrifuged at 2000 g for 1 h, followed by replacement of inocula with MEM-10 plus cycloheximide (1.0 mg ml
21
). Cells were incubated at 37 uC in 5 % CO 2 . Unless indicated, cells were incubated 24 h prior to lysis or fixation.
Kinetworks phosphorylation site screen (KPSS) kinome analysis. Protein samples prepared from McCoy cells separately infected with two C. trachomatis strains [J/UW-36 and J(s)/893, both of serovar J] and mock-infected cell lysates were submitted for the KPSS-1.3 phosphoprotein panel analysis by Kinexus Bioinformatics. Samples were prepared according to instructions from the company. Briefly, infected or mock-infected cells were homogenized in lysis buffer [20 mM Tris/HCl (pH 7.0), 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 40 mM b-glycerophosphate (pH 7.2), 2 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride and 1 % Triton X-100] at 4 uC, and ultracentrifuged at 90 000 g. Total protein concentrations in crude cell lysates were determined using the Bradford assay (BioRad). Approximately 300 mg of each sample were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. Cocktails of antibody were applied to the membrane through a 20-lane Immunetics multiblotter. The immunoblots were then developed using a chemiluminescent reagent (ECL Plus, GE Healthcare) and signals were detected with a Fluor-S-MultiImager (Bio-Rad). Raw immunoblot data (not shown) were quantified with Quantity One Software (Bio-Rad). Quantitative comparisons among different test groups for each phosphoprotein were conducted by averaging the replicates for each tested strain, and dividing that value by the value for the control strain. Thus, values .1 indicate increased abundance of phosphorylated protein relative to the control, and values ,1 indicate decreased abundance of phosphorylated protein relative to the control. For a result to be considered significant, a change of phosphoprotein quantity in a sample relative to mock-infected cells must be greater than 25 %, as it is suggested by the company that any change less than 25 % may be attributable to experimental variation.
Immunoblot detection of individual host proteins. Infected and mock-infected cells were incubated at 37 uC in 5 % CO 2 . Protein samples used were prepared either by extraction of total cell proteins or by fractionation with Triton X-100 (Gilligan et al., 2002) . For the Triton fractionation, infected and mock-infected cells were homogenized in lysis buffer, sonicated, centrifuged (16 000 g) and the Triton-soluble (TS) supernatant and Triton-insoluble pellet fractions were collected. Protein content in samples was determined by Coomassie blue staining of control gels and/or through the Bradford assay. In some cases, the relative abundance of phospho-PKB Ser473 was used as a control for total protein in mock-infected and C. trachomatis-infected cell protein lysates. Samples were normalized to equalize the total protein per well, subjected to 12 % SDS-PAGE and transferred to nitrocellulose. The immunoblots were then blocked with Odyssey (Licor) blocking buffer and probed with antibodies to phospho-a-adducin Ser726 , phospho-Raf-1 Ser259 , recombinant fulllength a-adducin, c-Raf1, phospho-PKB Ser473 or C. trachomatis Hsp60. The blots were then probed with goat anti-rabbit or goat anti-mouse antibodies conjugated to IRdye 700 or IRdye 800, respectively. After a final wash, the Odyssey Infrared Imager (160 mm resolution, 0 mm offset) was used to scan the membranes. Images were processed and assembled in Adobe Photoshop (Adobe Systems).
Immunofluorescence. Infected cell monolayers were fixed for 1 h in 4 % paraformaldehyde at designated times post-infection (p.i.). Fixed cells were then probed with primary antibodies to chlamydial Hsp60 and either antisera against phospho-a-adducin Ser726 or antisera against recombinant a-adducin that were diluted in 2 % BSA in PBS (FA block). Anti-a-adducin antibodies were incubated on cells overnight at 4 uC but all other antibodies were incubated on blots for 1 h at room temperature. Following washing of monolayers with PBS, the cells were incubated for 1 h at room temperature with the appropriate secondary antibodies (Southern Biotechnology Associates). All coverslips were examined under oil immersion on a Leica DMLB microscope. Images were captured with a Spot digital camera and software (Diagnostics Instruments), and assembled using Adobe Photoshop.
Nocodazole or cytochalasin D treatment of cells. Infected and mock-infected cells cultured for 24 h p.i. were treated with 10 mM nocodazole, 10 mM cytochalasin D, or 0.1 % DMSO for 2 h at 37 uC. Cells were then fixed with 4 % paraformaldehyde as described above, probed with monoclonal antibodies to a-tubulin or FITC-conjugated phalloidin and viewed by fluorescence microscopy.
RESULTS Kinome analysis of C. trachomatis-infected cells
A multi-phosphoprotein analysis was used to evaluate common eukaryotic phosphoproteins that are differentially phosphorylated in C. trachomatis-infected vs mockinfected cells. Each of these samples was screened for the phosphorylation status of 31 host phosphoproteins (Table 1) . Several phosphoproteins displayed changes in abundance in the extracts from infected versus uninfected cells. These included a-adducin, c-adducin, cAMP response element binding protein (CREB), extracellular regulated kinase 1 and 2 (ERK 1/2), c-Jun oncoprotein, N-methyl-Daspartate glutamate receptor subunit (NMDA) NR1, p38 a-MAP kinase, MAP kinase 3/6, Raf-1, ribosomal S6 kinase 1, and signal transducer and activator of transcription (STAT) 1 and 3. Because the interactions of some of these proteins with the chlamydial infectious process have been discussed by others (Lad et al., 2005; Su et al., 2004) , we focused primarily on two relatively uncharacterized proteins, a-adducin and Raf-1.
The two strains used in these studies were a wild-type isolate (J/UW-36) and J(s)/893, a serotype-matched, IncA-negative, non-fusogenic isolate (Suchland et al., 2000) , which have differences in several aspects of hostmicrobe interactions relative to wild-type strains (Geisler et al., 2001; Rockey et al., 2002; Xia et al., 2005) . The observed reductions in phosphorylated a-adducin and Raf-1 were common to lysates of both wild-type and IncA-negative strains (Table 1) . The phosphorylation assay also identified candidate proteins that may be differentially phosphorylated in cells infected with the wild-type versus non-fusogenic IncA-negative strain (i.e. CDK1, CREB, MEK1/2, MEK6; Table 1; see also  Supplementary Table S1 , available with the online version of this paper). These differences were not pursued because of variation within individual samples in the phosphorylation assay.
Immunoblotting with specific anti-adducin and anti-Raf-1 antibodies
Immunoblotting was used to confirm that both phosphoa-adducin (Fig. 1A) and phospho-Raf-1 (Fig. 1C) were significantly reduced in the Triton-soluble (TS) fractions of infected cells relative to mock-infected cells. Immunoblots probed with antisera to recombinant a-adducin (Fig. 1B) and Raf-1 (Fig. 1D ) demonstrated that the reduction in band intensity for each phosphorylated protein resulted from a reduction in the abundance of each protein in the TS fractions, and not from differential phosphorylation. The abundance of total adducin and Raf-1 within the infected cells, as measured by immunoblotting of total protein lysates from these cells, was unaffected by the chlamydial infection (Figs 1 and 2) . While we were able to demonstrate a-adducin and Raf-1 in the Triton-insoluble fraction of infected cells (not shown), the recovery of these Supplementary Table S1 ).
proteins from the Triton-insoluble fractions of the cells or the pellets was inconsistent and not quantitative.
Collectively, these immunoblotting results demonstrated that a-adducin and Raf-1 were redistributed within C. trachomatis-infected cells.
Protein lysates obtained from McCoy cells infected with different strains of C. trachomatis and with Cp. caviae GPIC were also probed with antibodies to phospho-a-adducin ( Fig. 2) and total a-adducin (Fig. 1B) . These immunoblots demonstrated that the altered abundance of a-adducin was common to infection by both Chlamydia and Chlamydophila strains. Additionally, blots of lysates of chlamydiae grown in cells of human origin (HeLa) demonstrated that the differences between infected and uninfected cells were not unique to the murine McCoy cell line (not shown).
The different isoforms of adducin function as heterodimers or heteromultimers and the a and c isoforms are present within epithelial cells (Gilligan et al., 1999; Matsuoka et al., 1996) . While this work focused on the a isoform of the protein, the original kinome screen also demonstrated that phosphorylated c-adducin was reduced in the TS fraction of infected cells (Table 1) .
Temporal analysis of a-adducin distribution
Two experiments were conducted to evaluate whether chlamydial development was required for the reduction in a-adducin in the TS fraction of infected cells. We first analysed the abundance of phospho-a-adducin in the TS fractions of infected and mock-infected McCoy cells as a function of incubation time. All samples were equalized for total protein prior to electrophoresis and immunoblotting. The depletion of phospho-a-adducin in the TS fractions of infected cells was observed first at 12 h p.i. and was increasingly apparent at 24 h p.i. (Fig. 3A) . No change in phospho-a-adducin abundance was observed in TS fractions of parallel mock-infected cells throughout the timecourse assay.
The role of chlamydial development in the observed changes in a-adducin localization was also examined by culturing chlamydia-infected cells in medium containing tetracycline, which effectively blocks chlamydial development and growth. Total a-adducin (Fig. 3B ) or phospho-a-adducin (not shown) in the TS fractions was not reduced in the tetracycline-treated infected cells. However, in parallel monolayers of infected cells not treated with tetracycline, a-adducin was depleted as expected. Collectively, these data demonstrate that chlamydial growth was required for the observed alteration in a-adducin localization within infected cells.
It was possible that a-adducin was digested by chlamydial or host proteinases during culture or during the extraction procedure. To test the latter possibility, TS fractions from infected and uninfected cells were mixed and incubated on ice for time periods between 0 and 1 h post-extraction. Immunoblots were performed on these mixed lysates and there was no difference in a-adducin levels between these mixtures and control, uninfected lysates. While the possibility remains that a-adducin is degraded in the soluble fraction during chlamydial growth, immunoblots of dilutions of total protein lysates from cycloheximidetreated, chlamydia-infected cells did not identify differences in total a-adducin abundance within cells (not shown). The possibility that a fraction of a-adducin is degraded within cells following chlamydial infection remains to be formally examined.
Microscopic analysis of phospho-a-adducin in chlamydia-infected cells
The cellular localization of phospho-a-adducin was explored using immunofluorescence microscopy of C. trachomatis and Cp. pneumoniae-infected McCoy cells fixed 24 h p.i. In uninfected cells, phospho-a-adducin was observed dispersed throughout the cytoplasm with no specific pattern of accumulation (Fig. 4A) . In contrast, phospho-a-adducin was observed in close proximity to the chlamydial inclusion membrane of cells infected with either species (Fig. 4A, B) . Labelling with anti-phospho-a-adducin antibodies co-localized with antibodies to chlamydial inclusion membrane protein CT223p (Fig. 5D , E) and with host 14-3-3b (Fig. 5A , B, C), a protein known to localize to the inclusion membrane within infected cells (Scidmore & Hackstadt, 2001 ). These data demonstrate that a-adducin localizes to the margin of the chlamydial inclusion within cells infected by different chlamydial species.
The role of microtubules and microfilaments in the distribution of a-adducin to the inclusion membrane was examined using nocodazole or cytochalasin D treatment of infected cells prior to fixation, and examination using immunofluorescence. Evidence for disruption of these structures was sought by using anti-a-tubulin or labelled phalloidin, respectively. In infected cells treated with either inhibitor, phospho-a-adducin accumulation around the chlamydial inclusions appeared undisturbed (Fig. 4D, F) .
DISCUSSION
The adducins are actin-capping proteins that are involved in a variety of cellular signalling pathways ranging from cytoskeletal arrangements to apoptosis (Gilligan et al., 1999 (Gilligan et al., , 2002 Imamdi et al., 2004; Larsson, 2006; Matsuoka et al., 1996) . Central to many aspects of adducin biology is its association with the dynactin complex. Adducin coimmunoprecipitates with components of this complex, such as p150 Glued , Arp1 and dynamitin (Holleran et al., 1998) . Grieshaber et al. (2003) recently demonstrated that, while chlamydial inclusions traverse intracellularly via dynein-mediated microtubular interactions, chlamydial migration is unaffected by disruption of the dynactin complex. The localization of a-adducin in close proximity to the chlamydial inclusion membrane may provide clues to novel interactions between components of the dynactin complex and the developing chlamydial inclusion.
Possible functions of adducin in the chlamydial infectious process remain to be characterized. Phosphorylation by protein kinase C at Ser726 releases a-adducin from actinspectrin complexes and the phosphorylated protein localizes to the host cytoplasm (Imamdi et al., 2004; Larsson, 2006) . Phosphorylation by Rho-kinase at Thr445, as observed in platelet activation, causes enhanced association of a-adducin with actin-spectrin complexes (Tamaru et al., 2005) . Future experiments will examine the phosphorylation status of the Rho kinase-targeted residue on a-adducin in chlamydia-infected cells, and the possibility that other host and chlamydial proteins co-localize with a-adducin following infection.
Certain host-cell Rab proteins were reported to accumulate around the inclusion independently of intact microtubules (Rzomp et al., 2003) . Our data showed that phospho-aadducin similarly localizes to the chlamydial inclusion independently of intact microtubules. Disruption of actin filaments also did not affect a-adducin localization to the inclusion membrane. While it cannot be ruled out that the microtubules and/or actin filaments are involved in the initial events of a-adducin localization to the inclusion, our data indicate that these structures are not required to maintain a-adducin localization around the inclusion. These results are intriguing, as adducins facilitate interactions between actin and spectrin during extensions of microfilaments, and it is therefore surprising that disruption of microfilaments does not disrupt a-adducin localization to the inclusion membrane.
Raf-1 was shown to be activated during chlamydial infection (Su et al., 2004) and, in other systems, activation of Raf-1 leads to accumulation of the protein on the cell membrane. Our work is consistent with these studies, as chlamydial infection led to removal of total Raf-1 from the TS fraction of the infected cell.
Chlamydiae manipulate cytoskeletal structures to facilitate entry (Jewett et al., 2006) , redirect vesicular traffic (Scidmore et al., 1996a) , and maintain chlamydia-filled inclusions in close proximity to the nucleus and other organelles (Grieshaber et al., 2003) . The chlamydiainduced alteration of a-adducin and Raf-1 distribution described in this report may influence the interaction of these proteins with downstream substrates, perhaps contributing to chlamydial development and growth. Additional research is required to determine the specific signalling pathways leading to alterations in these phosphoproteins in infected cells, the molecular steps that lead to redistribution of the proteins, and the roles these changes play during chlamydial development.
